We have developed a straw tube chamber with pickup-pad readout. The mechanism for signal pickup, the size of the pickup signal, and the distribution of signals among neighboring pads are discussed. We have tested a prototype chamber in a beam test at Brookhaven National Laboratory and have measured chamber e$ciencies in excess of 99%.
Introduction
Straw tubes have long been recognized as an alternative to multiwire tracking chambers [1}18] , and in fact have several advantages. Due to their cylindrical geometry, they can have very low mass; this reduces multiple scattering of charged particles. Because each straw tube is self-contained, an individual wire which breaks does not a!ect neighboring wires. In the case of a straw tube becoming inoperative, e.g., from a wire breaking, the straw can often be replaced more easily than can a wire within a multiwire chamber.
In this paper we describe the construction and performance of a straw tube chamber with a unique * Corresponding author. Tel.: #1-513-556-0527; fax: #1-513-556-3425.
E-mail address: schwartz@physics.uc.edu (A.J. Schwartz) type of readout: rather than signals being read from anode wires, signals are read from pads placed against the straw tubes which pick up signals induced by the gas avalanches. This readout scheme has three advantages: (1) fully-correlated x and y position information; (2) the pad sizes can be chosen almost arbitrarily, for example, to give equal pad occupancy over a region in which particle #ux is varying; and (3) the high-voltage and front-end electronics are decoupled, eliminating the need for a blocking capacitor and reducing noise. For the gas avalanche signals to be picked up by the pads, the straw tube material must be resistive such that the straw tube wall } which serves as the cathode } does not substantially shield signal frequencies. The higher the resistivity of the straw tube material, the more transparent the straw tube becomes to signal frequencies. However, some conductivity must be present to prevent the cathode from charging up. There are several issues which determine the feasibility of using such a detector under experimental conditions: the size of the pickup signal, the level of noise (both capacitive and pickup), and the distribution of pickup signals among neighboring pads. Multiwire proportional chambers with resistive cathodes and pickup pad readout have been studied by Battistoni et al. [19, 20] . Resistive straw tubes with pickup wires wrapped around the straws have been studied by Bychkov et al. [21] .
Our "nal objective is to use such a chamber to trigger on tracks with large transverse momentum (p 2 ) in the HERA-B experiment at DESY [22, 23] . To accomplish this, we position three chamber stations within the HERA-B spectrometer magnet and input the pad hit pattern to fast coincidence logic. The logic #ags hit patterns which indicate the presence of one or more tracks which have bent little within the magnetic "eld and which lie at larger angles with respect to the beam. To minimize hit multiplicities and simplify the trigger logic, we desire that the pickup signal be as localized as possible, preferentially occurring on only one pad. If, instead, one required superior position resolution, it would be preferable for the signal to be distributed over several pads such that the avalanche position could be unfolded using a pulse-height analysis. The number of pads which pick up signals for a single gas avalanche depends upon several factors, which we discuss later.
The rest of this paper is organized as follows: in Section 2 we describe the physical construction of two prototype chambers; in Section 3 we present the results of bench measurements with these chambers and the results of simulation work; in Section 4 we present the results of a beam test completed at Brookhaven National Laboratory; and in Section 5 we discuss test results of the ampli"er}shaper}discriminator ASIC used to read out the pickup signals.
Chamber construction

Overview
We have constructed two prototype chambers which we refer to as chamber A and chamber B.
Approximately half our results were obtained with chamber A and half with chamber B. The chambers are similar and consist of two distinct parts: (1) the straw tubes, their endplates, and the high voltage distribution cards; and (2) the pickup pads and their preampli"er cards. The straw tubes have a diameter of 5.0 mm and are con"gured in two rows of sixteen straw tubes each. For chamber A, the tubes have a length of 60 cm and the rows are o!set with respect to each other by one straw tube radius. This`close-packeda geometry is especially resistant to mechanical stresses. For chamber B, the tubes have a length of 40 cm and the rows are o!set by a smaller amount, only 0.6 mm. Chamber B also has a thin line of conductive paint applied to the surface of every third straw tube. This paint is held at ground potential, and its purpose is to limit the pickup signal to a single pad. In all other aspects the two chambers are identical. The pickup pads for both chambers have dimensions 1.5;3.0 cm and are etched on one side of a printed circuit board. To reduce mass, the board material is Kapton. The arrangement of straw tubes and pad plane for chamber A is shown in Fig. 1 ; the arrangement for chamber B is identical. For the full-scale chambers to be installed in HERA-B, all straw tubes will be oriented vertically to eliminate tube and wire sag due to gravity.
Straw tubes
The straw tubes are rolled [24] out of two-layer material: the inner layer consists of carbon-loaded Kapton with a resistivity of approximately 1 M /square [25] , and the outer layer consists of Mylar. The Kapton layer serves as the cathode and is held at ground potential, while the Mylar layer helps provide a gas seal. The thickness of the Kapton is 0.001 in, and the thickness of the Mylar is 0.0005 in. The straws are strung with gold-plated tungsten wire having a diameter of 20 m [26] . The assembly of the ends of the straws is shown in Fig. 2a . Each end consists of four pieces: a brass insert which "ts into the straw, a feedthrough made from a polyetherimide plastic with trade namè Ultema which "ts into the brass insert, a brass pin which "ts into the Ultem feedthrough, and an Ultem collar. The brass insert makes electrical contact between the inner surface of the straw tube and the aluminum endplate, which is at ground potential. The Ultem feedthrough electrically insulates the wire from all other elements except the brass pin, which is connected to high voltage. This feedthrough contains a V-groove to position the wire in the center of the straw tube. The Ultem collar slightly compresses the feedthrough such that the wire is clamped between the feedthrough and the brass pin. In this manner the wire tension (40 g) is maintained. There are two small holes in the sides of the feedthrough to allow gas to circulate through the straw. For most of our tests we used a gas mixture of 90% argon and 10% methane (`P10a).
Pickup pads
The pad layer or`pad planea consists of a twolayer printed circuit board with copper pads on one side and traces on the other. The traces connect to the pads via plated through-holes and carry signals to the end of the pad plane, where preampli"er cards are mounted. These cards plug directly into the pad circuit; in this manner, cabling to the preampli"ers is eliminated and pickup noise substantially reduced. In addition, all preampli"er cards are located outside the "ducial volume of the detector. To minimize detector mass, the printed circuit board material is Kapton. The total thickness } including the Cu pads and traces } is 0.006 in (see Fig. 2b ); this corresponds to 0.28% of a radiation length. The Kapton circuit is #exible, and to keep the pads #at we pull the Kapton taut between two support rods. For the full-size chambers to be installed in HERA-B, the pads will be kept #at by laminating the Kapton circuitry to low mass honeycomb panels [27] . The pad sizes are determined by the particle #ux and the desired hit rate of a readout channel. For the prototype chambers we used a pad size of 1.5;3.0 cm, which is the smallest pad size needed for HERA-B. The pads are narrower in the x-dimension (perpendicular to the orientation of the straw tubes), as tracks bend in the x}z plane and the narrower x-dimension increases background rejection. The pad sizes and total active area of the prototype chambers prescribe that the trace width be 0.006 in; for the full-size chambers, there is su$cient area for 0.010 in traces. The front-end preampli"er cards are based upon the ASD-8 ampli"er}shaper}discrimi-nator ASIC developed at the University of Pennsylvania [28] . Each card contains three ASD-8 chips and reads out 24 channels.
Bench measurements and simulation results
We have conducted a series of bench tests of chambers A and B, measuring signal size, noise, and the relative sizes of pickup signals among neighboring pads. The test setup used is shown in Fig. 3 . 
Signal size
To measure signal size, we position an Fe source (E A "5.9 keV) above a small hole drilled in Fig. 4 . The charge spectrum measured from an anode wire (triangles), and from the pickup pad located directly above the wire (circles). The straw tube is irradiated with an Fe source (E A "5.9 keV). Both spectra also show a 2.9 keV`escapea peak resulting from the argon in the P10 gas. the pad plane. This hole is located directly above a straw tube as shown in Fig. 3 ; in this manner only one straw tube is irradiated. We measure the signal collected on both the anode wire and the pickup pad using an Ortec multichannel analyzer (MCA) system consisting of a 142PC charge ampli"er, a 570 spectroscopy ampli"er, and a 419 MCA PC plug-in board. The shaping time of the 570 ampli-"er can be set in the range 0.5}10 s. We use a shaping time of 0.5 s and obtain the spectra shown in Fig. 4 . These spectra show a signi"cant signal from the pickup pad: the ratio of pad signal to anode wire signal is about 1/3. The spectra also exhibit a 2.9 keV`escapea peak resulting from the Argon in the P10 gas mixture.
The size of the pickup signal is very sensitive to the size of the gap between the straw tubes and the pad plane. For the spectrum of Fig. 4 , we used a gap size of approximately 0.1 mm; increasing this distance decreases the size of the pickup signal signi"-cantly. We have measured this dependence, changing the gap size by adjusting screws located on either side of the pad plane (see Fig. 3 ). The resulting data is shown in Fig. 5 .
We account for this data quantitatively by considering the geometry of Fig. 6 . For a single straw tube and an in"nitely long pickup strip oriented parallel to it, the capacitance per unit length between the straw tube and pickup strip is [29] :
where is the permittivity of free space (neglecting the e!ect of the thin Mylar layer of the straw tube wall), w is the width of the pickup strip, k"h/R #((h/R)!1, and s"h!R/k. In these expressions h is the distance between the center of the tube and the pickup strip, and R is the radius of the tube. If the potential on the straw tube is <, then the signal on the pickup strip per unit length is C<. It is due to the capacitance C that the pickup signal depends strongly on the ratio h/R. The signal size predicted by Eq. (1) is superimposed on the data in Fig. 5 and shows very good agreement.
It is interesting to note that when we apply high voltage to only the lower layer of straws in Fig. 3 , we observe a pickup signal much larger than that predicted by Fig. 5 for a gap size of one straw tube diameter (5.0 mm). This behavior is accounted for by the following model: when an avalanche occurs inside a straw tube near the anode wire, negative electrons and positive ions separate. The electrons quickly reach the anode wire while the positive ions slowly drift out towards the straw tube wall (the cathode). As the ions begin to drift, their electric "eld lines begin to end on negative charge on the straw tube wall (thereby`releasinga the electrons which had reached the anode wire). This negative charge dissociates from positive charge on the tube wall, and the electric "eld lines from the latter subsequently end on neighboring straw tubes or pickup pads. The "eld lines from the lower layer of straw tubes end on negative charge on the bottom of tubes in the upper layer, and the "eld lines from the resultant dissociated positive charge end on negative charge on pads. In this manner the lower layer straw tubes capacitively couple to the pads. The negative charge supplied to the pads generates a positive pulse in the preampli"er.
In the case of conventional straw tubes which have a conductive (metallized) cathode layer held at "xed potential, the "eld lines from the positive charge of the avalanche terminate on negative charge #owing onto the cathode, and no "eld lines extend outside the straw tubes. In the case of nonconducting (e.g., Mylar) straw tubes, the dissociated positive charge cannot move and its electric "eld lines point outward in the same direction as did the "eld lines from the positive ions; the straw tube thus appears transparent. In this case the size of the pickup signal depends upon the distance from pad to anode wire rather than the distance from pad to straw tube. The strong dependence upon the latter which we observe indicates that the dissociated positive charge has moved around the surface of the straw tube towards the pad (attracted by the image charge). The resulting concentration of positive charge on the tube surface nearest the pad concentrates the electric "eld lines there and increases the capacitive coupling. The time scale required for the charge to move around the straw tube is expected to be of order / [30] , where is the permittivity of Kapton and is its bulk conductivity. Since our "lm has a resistivity of 1 M /square and a thickness ¹ of 0.001 in, "1/ "1/(R¹)" (25.4 m)\. If we take the permittivity of Kapton to be that of free space ( ), then the time scale required is 225 ps. This is a relatively short time scale: the fraction of signal charge collected in time t is (0.5)ln(1#t/t )/ln(b/a), where t ,a ln(b/a)/(2 > < ), a and b are the radii of the anode wire and the straw tube, respectively, > is the mobility of the positive ions, and < is the anode wire voltage. Inserting values a"10 m, b"2.5 mm, > +150 mm/(< s), and < +1350 V, we "nd that in 225 ps only 1.4% of the signal Table 1 The signals picked up by three neighboring pads when triggering on pad C7, row C5
Note: The "rst and second pads listed are located along the straw tube direction, and the "rst and third pads listed are located perpendicular to the straw tube direction. Fig. 7 . A section of the pad plane used to study the distribution of pickup signals among neighboring pads. The Fe source is placed above pad C7, row C5. There is a small hole drilled in the center of this pad to allow X-rays from the source to enter the straw tube below.
charge has been collected. We attribute the success of Eq. (1) in describing the data (Fig. 5 ) to the fact that the dissociated positive charge has su$cient time to move around the straw tube and form an equipotential surface.
Distribution of pickup signals
An important criterion for using the pad chamber for triggering purposes is that there be a pickup signal present on only one } or at most two } pads. We have measured the distribution of pickup signals among neighboring pads using an Fe source. The pad geometry studied is shown in Fig. 7 . The Fe source is placed above pad C7, row C5. There is a small hole drilled in the center of this pad to allow X-rays from the source to enter the straw tube below. We trigger on signals from this pad and measure the signals picked up by neighboring pads. The results are summarized in Table 1 , which lists the signals measured on pads located both along the straw tube direction and perpendicular to the straw tube direction. We discuss these two cases separately.
Distribution of signals along the straw tube direction
From Table 1 we observe that the signal distribution along the straw tube direction (pad C8, row C5) is small, essentially at the same level as the noise. There are two mechanisms a!ecting the signal distribution in this direction: (a) the direct signal-pickup mechanism, and (b) signal propagation along the transmission line formed by the anode wire and the cathode tube. The signal distribution due to (a) can be calculated analytically using Green's reciprocation theorem [31] ; a solution is given in Appendix A. The resulting charge distribution on the pads after 6 ns (the shaping time of the ASD-8) as a function of the distance along the straw tube from the gas avalanche is shown in Fig. 8 . Integrating this distribution over the 3.0 cm Fig. 8 . The spacial distribution of the pickup signal along the direction of the straw tube, for an ampli"er shaping time of 6 ns. This distribution is calculated using Green's reciprocation theorem (see Appendix A). The smooth curve is the result of a "t to the sum of three Gaussian distributions. Fig. 9 . The capacitive coupling model for prototype chamber A. This model is used to calculate the distribution of pickup signals perpendicular to the straw tube direction. Note: The gas avalanche occurs under the lower (main) pad at the positions given in the left-most column. The boundary between the pads is at y"1.50 cm.
pad height gives the signal sizes listed in Table 2 . These values are the relative sizes of pickup signals on two pads contiguous in y for various positions of the gas avalanche below the lower (main) pad. The boundary between the pads is at y"1.50 cm. The signal distribution is seen to be relatively narrow: for an adjacent pad to have a signal greater than 5% of that on the main pad, a track must be within about 3 mm of the boundary between the pads. The measured value listed in Table 1 corresponds to an avalanche nominally at y"0; however, the measurement is dominated by noise and also receives contributions from wider angle photons which produce gas avalanches closer to the pad boundary. For such avalanches, pad C8 has a signi"cantly larger signal, and we interpret the value in Table 1 as an upper bound. The signal distribution due to propagation via the transmission line formed by the anode wire and the cathode tube is calculated in Appendix B. Since the tube wall is made of a highly resistive material, the signal propagates with strong attenuation. The calculation predicts that for a straw tube resistivity of 1 M /square } our nominal value } the signal is attenuated by a factor of 89 over a distance of 1 cm. We thus conclude that for pad heights 93 cm, the signal distribution due to this mechanism is relatively small.
Distribution of signals perpendicular to the straw tube direction
In this direction the signal distribution is more critical, as tracks bend in this direction and the pad size is narrower. Table 1 shows that the pickup signal on the pad transverse to the straw tube direction is 12% of that on the main pad. This result has been successfully simulated using two models: (1) a simple`capacitive couplinga model, and (2) a "nite element analysis (FEA) program available from Algor, Inc. [32] .
The capacitive coupling model corresponding to chamber A is shown in Fig. 9 . In this "gure, C1 is the capacitance between a straw tube and a pad, and C2 is the capacitance between adjacent straw tubes. Note that one pad (width"1.5 cm) covers three straw tubes (diameter"5 mm). The gas avalanche is modeled as a current source injecting charge Q into a single node as indicated in the "gure. We apply Kirchho!'s law to this circuit to obtain a set of linear, coupled equations. We then solve these equations numerically to obtain the charge induced on each pad. The results are shown in Fig. 10 for the two cases C1/C2"1 and C1/C2"2. The "rst case corresponds to a gap size of approximately 0.1 mm, while the latter case corresponds to a gap size of only & 0.012 mm. The results for C1/C2"2 are very close to the measured value: the ratio of the signal on an adjacent pad to that on the main pad is 0.13, while the measured value is 0.12 (see Table 1 ). This agreement gives us some con"dence in the model. To summarize:
E when the straw tubes and pad plane are almost in contact with a gap size of &0.012 mm, C1/C2"2 and the pickup signal on an adjacent pad is 13% of that on the central pad; E if the gap size increases to 0.1 mm, C1/C2P1 and the signal on the central pad decreases by a factor of 0.84 while the signal on an adjacent pad increases to 23% of that on the central pad.
We have also used the Algor FEA program to study the distribution of pickup signals. This program solves the two-dimensional Poisson equation subject to the boundary conditions imposed. For chamber B, the planar mesh used for the calculation is shown in Fig. 11 . We impose boundary conditions of 0 V to the outermost edge of the mesh and 100 V (which is arbitrary) to the innermost surface of the straw tube with a gas avalanche.
The main uncertainty in interpreting the FEA results is that the FEA program is designed to model static } rather than dynamic } situations. However, the results are very similar to those obtained with the capacitive coupling model and also to the measured values. To run the FEA simulation, it is necessary to input the dielectric constant of all surfaces. For conducting surfaces we use "10, which gives a vanishing electric "eld inside the conductors (by Gauss' law, E , " / P0). For non-conductors we use "1. For the resistive Kapton we have tried several values ranging from "10 to "10; for this large range, the results vary by only a few percent. For de"niteness, we quote results for straw tubes having two distinct layers: an outer non-conducting layer ( "1) and an inner conducting layer ( "10) which is unconnected and hence #oating. While this construction di!ers from the resistive material used to construct the prototype chambers, there is no ambiguity in simulating its response and such a straw tube chamber could easily be constructed.
The FEA program gives the electric "eld strength for each "nite element and the voltage at each node, where "nite elements are the small regions de"ned by the meshing lines (see Fig. 11 ), and nodes are the points where meshing lines cross. By Gauss' law, the vertical component of the "eld (E , ) at the top edge is proportional to the surface charge induced on a pad located there. The resulting charge distribution induced for an avalanche occurring in a top layer straw tube is shown in Fig. 12a . The peaks correspond to where the outer surface of the straws come closest to the pads (i.e., are tangent) and the capacitive coupling is greatest. Integrating this distribution over the 1.5 cm pad width gives the signal sizes on individual pads. These values are plotted in Fig. 12b and are seen to be very similar to those obtained with the capacitive coupling model.
Limiting the pickup signal
Our bench measurements and simulation results indicate that the distribution of pickup signals perpendicular to the direction of the straw tubes } when "t to a Gaussian function } has a standard deviation of &0.5 pad. This spread is relatively large for triggering purposes, as it indicates that the signal picked up by an adjacent pad will often be above the discriminator threshold. To prevent adjacent pads from recording hits, we have developed a technique to limit the pickup signal to a single pad. This technique is as follows: at the juncture between straw tubes which lie at pad boundaries, we apply a thin line of conductive paint as shown in Fig. 13 . This paint is held at ground potential via contact with the chamber endplates and provides a preferred location for electric "eld lines to end. The result is that the capacitive coupling between adjacent straw tubes is reduced, and substantially less signal is picked up by adjacent pads. The pickup signal on the main pad is reduced by 21%. The mechanism is illustrated in Fig. 14 , which is a plot of equipotential lines as calculated by the Algor FEA program. In this "gure the tube with the avalanche is in the upper right corner. The "gure shows that the equipotential lines on the right side This spread is for a straw tube diameter of 5.0 mm and a pad width of 15 mm. Fig. 14 . Equipotential lines for a gas avalanche occurring in the top right straw tube. There is conductive paint on the right side of this straw which is "xed at ground potential. The paint terminates the electric "eld lines originating from the straw, preventing them from reaching the adjacent straw (compare these equipotential lines to those on the left side of the straw). of this tube, where conductive paint (a ground node) is present, are clustered together much more tightly than the lines on the left side. This indicates more rapid attenuation of the electric "eld here. The distribution of pickup signals calculated by the FEA program is shown in Fig. 15 ; comparing this distribution with that of Fig. 12 shows a signi"cant improvement.
We have tested this method of limiting the pickup signal using the pad arrangement of Fig. 7 . We measure the ratio of the pickup signal on an adjacent pad to that on the main pad to be 1/38. This value is signi"cantly smaller than that measured without the conductive paint applied, &1/8 (see Table 1 ). The corresponding result from the FEA program is 1/62, which is similar to the measured value.
The straw tube chambers are constructed with a double-layer of tubes to increase hit e$ciency, as the bottom layer is also e!ective at inducing pickup signals on the pads. To use two layers of straw tubes with conductive paint, we o!set the layers by only 0.6 mm as shown in Fig. 13 . This geometry corresponds to that of prototype chamber B. The o!set is small enough such that no straw tube lies substantially across a pad boundary, but it is large enough to provide su$cient track length in gas for a particle passing between adjacent straws in the upper layer. With this o!set we apply conductive paint to the bottom layer of straws in the same pattern as was done for the top layer, i.e., at pad boundaries.
All FEA results for the case of conductive paint are summarized in Table 3 . The table also lists measurements obtained with chamber B, and there is good agreement between the simulation results and the data. We conclude that the use of conductive paint reduces the size of the pickup signal on an adjacent pad by approximately a factor of "ve.
Beam test results
We have conducted a beam test of prototype chamber A at Brookhaven National Laboratory (BNL) to measure the e$ciency and noise of the chamber under experimental conditions. The beam test was conducted at the Alternating Gradient Synchrotron (AGS) using a secondary beam consisting mostly of pions with momentum in the range 3}8 GeV/c. Such minimum-ionizing hadrons constitute a large fraction of the #ux to which the chambers will be exposed in HERA-B. A plan view of the apparatus used is shown in Fig. 16 . In this "gure, scintillators S1, S2, and S3 are used for triggering. They are relatively narrow such that requiring them to "re in coincidence localizes the position of a beam particle to a region of 1}2 pickup pads. Immediately upstream of the prototype chamber is a conventional straw tube tracking chamber consisting of two x-measuring and two y-measuring planes. Each plane consists of a double-layer of straws o!set with respect to each other by one straw tube radius in order to resolve left-side/right-side ambiguities. A LeCroy 4448 latch module is used to record hits from the pad chamber, while several LeCroy 2277 TDC's are used to record hits from the straw tube tracker. The TDC hit information allows us to reconstruct tracks, project them to pads of the prototype chamber, and measure the e$ciency of the chamber and the distribution of pickup signals among neighboring pads.
Analog signal spectrum
The charge spectrum from the pads was recorded with the EG&G Ortec system described previously. A block diagram of the readout electronics is shown in Fig. 17 . The gate used to integrate the input charge had a width of 4 s, and the shaping time of the 570 ampli"er was set at 0.5 s. Fig. 18 . The analog signal spectrum from a pad of prototype chamber A, for several di!erent HV settings.
We used a gas mixture of P10 and operated the chamber at several high voltage (HV) settings. We also applied HV separately to the upper layer of straws (those closest to the pad plane) and the lower layer of straws (those farthest). We measured the gas gain versus HV and "t our data to the function: log(gain)"0.0054;(HV)!2.372, where HV is in volts. For example, the gas gain is 1.0;10 at a voltage of 1180 V. The charge spectrum for "ve di!erent HV settings is shown in Fig. 18 . All spectra exhibit long tails, even that for the lowest voltage setting of 1100 V. We attribute these tails to multiple tracks falling within the shaping time window of 0.5 s. As the beam rate was 50 kHz, the rate of double-track events is expected to be a few percent } assuming no time structure in the beam spill. If time structure is present, then the double-track rate will be higher. We do not attribute the long tails to secondary avalanches, as these occur almost exclusively at high gas gain.
Chamber ezciency
We measure the e$ciency of the pad chamber by reconstructing tracks in the tracker, projecting Table 4 The e$ciency of chamber A measured at BNL, for three separate HV con"gurations (1350 V) and three di!erent ASD-8 discriminator thresholds them to the pad chamber, and recording whether the pad(s) to which a track projects has a signal. We repeat this procedure for three separate HV con"gurations (1350 V) and for three di!erent settings of the ASD-8 discriminator threshold. The threshold settings range from a low value of 1.51 V to a high value of 1.75 V. Our results are listed in Table 4 . For HV applied to both layers of straw tubes, the e$ciency is at least 99.5% for all three discriminator threshold settings. The table also shows that when high voltage is applied to (at least) the upper layer of straws, there is very little dependence of the e$ciency upon the discriminator threshold setting. This indicates that even our highest setting (1.75 V) is well below typical pulse-heights.
Distribution of pickup signals
We measured the distribution of pickup signals among neighboring pads by projecting reconstructed tracks to the pad chamber and recording the total number of pads which had hits; i.e., including those pads adjacent to that to which the track projects. We implement this procedure for two subsets of tracks: those which project to within 2 mm of the center of a pad, and those which project to within 2 mm of the center in the y-coordinate and to within 2 mm of the edge in the x-coordinate. We expect the latter subset } on average } to have pickup signals distributed over a larger number of pads. For both subsets the number of contiguous pads which had hits is shown in Fig. 19 . For these measurements the HV was set at 1350 V, corresponding to a gain of 8;10. The ASD-8 discriminator threshold was set at 1.75 V, a high setting.
The mean number of pads with hits is 1.9 for tracks which project to the center of a pad, and 2.1 for tracks which project to the edge of a pad. In the former case, the most frequent number of pads hit is one, while in the latter case, the most frequent number is two. This increase in both the mean number and the most frequent number of pads hit is as expected. Fig. 19 shows that even for the optimal case of a gas avalanche occurring in the center of a pad, the frequency of only one pad having a hit is only 39%. To increase this fraction, we developed the technique of applying conductive paint to the surface of the straws as discussed in the previous section.
Test results of ASD-8
The ASD-8 is a bipolar integrated circuit designed by Newcomer et al. [28] at the University of Pennsylvania. The circuit consists of a preampli"er, an ampli"er/shaper with tail cancellation, and a discriminator for each of eight channels. The chip has dimensions 2.7;4.3 mm. The original design goal was to read out signals at high rate from the large central tracker of the SDC detector at the SSC. Thus the chip has a relatively fast shaping time (&6 ns), a low operational threshold (&1 fC), and requires only 20 mW of power per channel. The double pulse resolution is 20 ns. The input stage of the ASD-8 is designed as a pseudo-di!erential circuit which we have found very useful for cancelling pickup noise from the pickup pads.
Gain of the ASD-8
The ASD-8 has output pins for testing purposes which provide the analog signal after shaping but before the discriminator stage. We use this signal to measure the gain of the ASD-8. The test setup used is shown in Fig. 20 . A step voltage pulse generated by an HP8082A pulser is converted into a charge pulse via the capacitor network shown in the "gure. Because the leading edge has a slew time much less than the shaping time of the ASD-8, all input charge passes through the shaper and is available to the test pin. An HP54510A digital scope is used to record the pulse waveform after the shaper. The size of this pulse as a function of input charge is the gain of the ASD-8. This response function is plotted in Fig. 21 . The "gure contains two curves corresponding to measurements taken both with and without a pickup pad connected to the ASD-8 input channel. Connecting the pad alters the capacitance seen by the charge injection circuit; i.e., part of the injected charge is shunted by the capacitance of the pad and does not enter the ASD-8. From Fig. 21 we observe that the gain is 12 mV/fC without a pickup pad connected and 6 mV/f C with a pad connected. The saturation observed is due to the di!erential pair driving the test pin; the ampli"er itself is linear up to 90 fC and gradually rolls o! to saturation at around 150 fC [33] .
Threshold curve
We use the same pulser and capacitor network (Fig. 20) to measure the threshold curve of the ASD-8. For this measurement, we connect the output of the ASD-8 discriminator to a receiver/ comparator chip. The discriminator output has a signal swing of approximately 130 mV, which is su$cient to trigger the comparator. The comparator output is converted to a NIM pulse which is input to a scaler. The pulser sends input pulses at a constant rate. For a particular pulse amplitude, the ASD-8 discriminator threshold voltage is raised until the scaler rate is reduced to one-half the pulser rate. This threshold response function is relatively steep, as the pulser e$ciency drops from 100% to zero in only <+0.2 V. We record the threshold voltage (< 2&
) at which the scaler rate is one-half the pulser rate for several di!erent input pulse amplitudes. Our results are plotted in Fig. 22 and indicate that < 2& depends linearly upon Q for Q less than about 6 fC. In this regime, we "t the data to the function < 2& "0.854#0.161;Q . A threshold setting of 1.95 V eliminates all output signal.
Amount of signal charge collected by ASD-8
The ASD-8 has a shaping time of 6 ns, while the signal from a gas avalanche in a wire chamber has a much longer tail due to the slow motion of the positive ions. Thus, only a fraction of the total signal is collected by the ASD-8. The time development of a signal from a gas avalanche is described by the function:
where t ,a ln(b/a)/(2 > < ), a and b are the radii of the anode wire and the straw tube (cathode) respectively, < is the anode wire voltage, and > is the mobility of the positive ions (typically 150 mm/V s). For our chamber, a"10 m, b"2.5 mm, < "1100 V (for an Fe source), and thus t "1.67 ns. Inserting t"6 ns into Eq. (2) (corresponding to the ASD-8 shaping time) indicates that 14% of the total charge Q is collected by the ASD-8. Including the signal induced by the movement of the avalanche electrons increases this fraction to 15}16%.
We have measured this fraction directly using an Fe source and comparing the pickup signal recorded with the ASD-8 to that recorded with the EG&G Ortec system. Because the shaping time of the Ortec model 570 ampli"er is set at 0.5 s, the Ortec ampli"er collects 52% of the total charge (obtained from integrating Eq. (2)). The procedure to measure the fraction of charge seen by the ASD-8 is thus as follows: we measure the size of the ASD-8 signal after the shaper (using the test pin) and use the calibration curve of Fig. 21 to convert this value to input charge. We then divide this charge by that measured by the Ortec system scaled by a factor of (0.52)\. The results are listed in Table 5 for three di!erent HV settings. All measurements are in approximate agreement with the theoretically expected value.
Noise performance of ASD-8
Each pad has two traces running to the ASD-8: one which connects to the pad, and an adjacent one which is left open at the far end and is used by the (pseudo-)di!erential input of the ASD-8 to cancel pickup noise. This cancellation is important for the proper operation of the chamber, as the pickup noise for pad readout can be substantial.
After cancellation of the pickup noise there remains thermal noise. The level of thermal noise was measured by Newcomer et al. [28] to be 850#78C electrons, where C is the input capacitance in picofarads. For example, for an input capacitance of 10 pf, the noise level is 1630 electrons. We repeat this measurement for our chamber by removing the Fe source and using the digital scope to look at the ASD-8 signal after the shaping stage but before the discriminator. The r.m.s. value of the shaper output is listed in Table 6 along with the corresponding value of input charge. The latter is obtained from the calibration curve of Fig. 21 . For the case when the pickup pad is connected to the ASD-8, the r.m.s. noise level is 1700 electrons, which is substantially less than typical signals from minimum ionizing tracks at gains above 10. The Appendix A. Induced charge along the straw tube wall
Positive ions generated by a gas avalanche in a straw tube detector will move relatively slowly away from the anode wire. This movement creates an induced charge on the tube's wall. To calculate the amount of charge induced and it's spacial distribution along the straw tube, we use Green's reciprocation theorem [31] . This theorem states that for a set of conductors i at potentials < G and having charges Q G , or alternatively at potentials < G and having charges Q G ,
To use this theorem to calculate the charge induced on the tube wall at position z"z due to movement of a positive ion, we consider the following two scenarios: E A positive ion q is located on its own small conductor at potential < and position z"z , the wall of the straw tube between z"z ! and z"z # is grounded and has charge Q , and the rest of the straw tube is grounded and has charge Q . E The charge q is removed from its conductor and the potential at this position is < , the wall of the straw tube between z"z ! and z"z # is held at unit potential with charge Q , and the rest of the straw tube is grounded with charge Q .
In both scenarios the anode wire is grounded and has either charge Q (scenario C1) or Q (scenario C2). Applying Eq. (A.1) to the two situations gives
Thus, we need to "nd the potential distribution < (z) within the straw tube when the section of tube between z"z ! and z"z # has unit potential and the rest of the tube is grounded.
To obtain < we solve Laplace's equation in the region a(r(b and 0(z(c subject to the boundary conditions <"1 for r"b and c/2! (z(c/2# , and <"0 at all other tube surfaces and at the anode wire. The constants a and b are the radii of the anode wire and straw tube, respectively, and c is the length of the tube. The solution can be obtained from Ref. [34] with some modi"cations:
where I
and K are zeroth-order modi"ed Bessel functions. The coe$cients A I are those for the Fourier series for f (z), the boundary condition on the tube wall ( f (z)"1 for c/2! (z(c/2# , and f (z)"0 otherwise). Thus,
where
It is easy to verify that solution (A.4) satis"es the Laplace equation and all boundary conditions. It is important to note that in Eq. (A.4), the ring of tube at unit potential is at position c/2 and the positive ion is at position z; this corresponds to the section of tube upon which we wish to calculate the induced charge being at c/2 and the position of the gas avalanche being at position z. We obtain numerical values for the right-hand-side of Eq. (A.4) using MathCad [35] and taking "0.5 mm. We express the solution < (z) as < (z), where z, c/2!z is the distance from the induced charge to the avalanche. Di!erentiating < (z) with respect to time gives the time evolution of the induced charge as the positive ions drift away from the anode wire (from Eq. (A.3) ). This evolution is plotted in Fig. 23 , where the time coordinate is expressed in terms of the drift distance of the positive ion towards the cathode. The "gure shows that the induced charge distribution becomes narrower as the positive ions drift away from the anode wire. This distribution integrated from t"0 to tK6 ns is proportional to the size of the pickup signal recorded by the ASD-8.
Appendix B. Distribution of pickup signals due to propagation in the straw tube wall One possible source of signal`spreada along the anode wire direction is the propagation of the signal in the cathode wall. For a metal cathode, the signal propagates with little loss to both ends of the tube at the speed of light. For a highly resistive cathode, the signal propagates slower with signi"-cant attenuation. The larger the resistivity, the greater the attenuation. For large attenuation there will be very little signal picked up by adjacent pads due to this mechanism.
The problem is treated quantitatively by considering the resistive straw tube and anode wire as a lossy transmission line (see Fig. 24 ). For such a line having length l and driven at frequency , the signal at position x is given by the formula [36] :
where Z is the characteristic impedance ((R#i ¸)/i C, Z is the source impedance, is the re#ection coe$cient (Z !Z )/(Z #Z ), J is the re#ection coe$cient (Z J !Z )/(Z J #Z ) for load impedance Z J , and is the propagation constant ((R#i ¸);i C. The constants R,¸, and C are the resistance, inductance and capacitance per unit length, respectively. For a small section of straw tube located away from the ends, " J "0 and thus <(x# x)"<(x)e\A V.
(B.2) Fig. 24 . A section of transmission line having negligible conductance per unit length (G). We use this transmission line to model signal propagation along a resistive straw tube. The resistivity of the anode wire is negligible relative to that of the straw tube and is neglected. Table 7 The propagation constant for various straw tube resistivities, for C"10.1 pF/m,¸"1.11 H/m, and f"100 MHz (corresponding to a signal rise-time of &10 ns) The real part of the propagation constant determines the attenuation of the signal, and the imaginary part determines the phase shift. For a straw tube "lled with gas, the capacitance and inductance per unit length are C"2 /ln(b/a) anḑ "( /2 )ln(b/a), where a is the radius of the anode wire and b is the radius of the straw tube. Inserting values a"0.010 mm, b"2.5 mm, "8.85;10\ F/m, and "1.26;10\ H/m, we obtain C"10.1 pF/m and¸"1.11 H/m. Since the rise-time of a signal from a gas avalanche is of order 10 ns, we use "2 ;10. Inserting these values into the formula for gives the results listed in Table 7 . The table lists values of for several resistivities R. The resistivity of our straw tubes is nominally 10 per square, which for b"2.5 mm corresponds to a resistance per unit length of R"10/(2 ;0.0025)"63.7 M /m. From Table 7 we see that for this resistance, "449#i450, and the signal attenuation over a distance of 1.0 cm is e\"0.011. This small value implies that signal propagation in the straw tube does not contribute substantially to broadening the distribution of pickup signals among neighboring pads.
